The 14-3-3 family are highly conserved proteins expressed in eukaryotic cells that play well established roles in interacting and modulating the function of target proteins at numerous levels (1) (2) (3) . Seven 14-3-3 isoforms have been identified in mammalian cells (encoded by 7 different genes): ␤, ⑀, ␥, , , , and . Each are functional as homo-or heterodimers, displaying high affinity binding via selective interaction motifs in their target proteins (1) (2) (3) . Although 14-3-3 protein interactions are often dependent on the phosphorylation status of their target protein, with binding motifs commonly containing phosphorylated serine or threonine residues (1, 4, 5) , binding motifs containing non-phosphorylated residues have also been identified (6) . Once docked, 14-3-3 dimers have been proposed to regulate the function of their target proteins in various manners, including: 1) acting as an "adaptor" for modulating interaction between two target proteins that each bind to a 14-3-3 monomer; 2) mediating conformational changes to modulate target protein activity; and 3) competing with other interaction proteins to control post-translational modification and/or localization of the target protein (1, 7) . Due to essential roles of 14-3-3 proteins in modulating signal transduction pathways and protein trafficking (2, 8) , dysfunction of 14-3-3 proteins are linked to diseases including cancer (8, 9) , metabolic disorders, and altered cell proliferation (10) .
In the kidney, 14-3-3 proteins are expressed throughout the renal tubule (e.g. Refs. [11] [12] [13] , including the principal cells of the kidney collecting duct (14) . The primary functions of these cells are to regulate NaCl (via the epithelial sodium channel, ENaC) 2 and water (via the water channel aquaporin-2, AQP2) transport from the preurine back to the blood and help maintain body NaCl and water homeostasis. A role of 14-3-3 to modulate ENaC function and NaCl transport is well established (e.g. Refs. [15] [16] [17] [18] . The 14-3-3 isoforms ␤ and ⑀ constitutes a heterodimer that interacts with a phosphorylated form of the E3 ligase Nedd4-2, blocking the interaction of Nedd4-2 with ENaC, reducing ENaC ubiquitylation and thereby increasing apical ENaC density and sodium transport. Furthermore, the steroid hormone aldosterone, which increases ENaC function, also increases abundance of 14-3-3␤ and -⑀; suggesting that 14-3-3 isoform abundance can be selectively modulated by various hormones. In respect to water transport, although 14-3-3 and -are associated with intracellular AQP2 vesicles in the inner medullary collecting duct (19) , a role for 14-3-3 proteins in modulating AQP2 function is not established. AQP2 functions as a tetrameric protein with the carboxyl termini located * This work was supported by the Danish Medical Research Council, the Lun-inside the cell (20) . This tail domain is highly phosphorylated, with the levels of phosphorylation at Ser-256, Ser-261, Ser-264, and Ser-269 (Thr in human) residues being modulated by the hormone arginine vasopressin (AVP) (21, 22) , acting via the vasopressin type 2 receptor (V2R). These phosphorylation sites play alternative roles in the subcellular distribution and function of AQP2, e.g. the apical plasma membrane accumulation of AQP2 in response to AVP treatment is modulated by Ser-256 and Ser-269 phosphorylation (23) (24) (25) (26) (27) (28) . Although the underlying mechanisms for AQP2 regulation via phosphorylation are not completely clear, phosphorylation-dependent protein interactions appear to play a crucial role (29) . In addition, the carboxylterminal tail of AQP2 is further modified by ubiquitylation (30) . A complex interplay between AQP2 phosphorylation and ubiquitylation is responsible for modulating the abundance of AQP2 on the plasma membrane (23) .
In this study, we tested the hypothesis that AQP2 function is regulated by interaction with 14-3-3 proteins and that these interactions are modulated by AVP. In mouse kidney and a collecting duct cell line (mpkCCD 14 ), 14-3-3 isoforms were identified at the mRNA and protein levels, several of which were modified in abundance by AVP. These 14-3-3 isoforms had alternative subcellular distributions in mouse kidney collecting duct cells. Biochemical studies identified an AVP-regulated and phosphorylation-dependent interaction between AQP2 and 14-3-3 and -. Knockdown of and in mpkCCD 14 cells indicated that reduces AQP2 trafficking to the plasma membrane, whereas prevents AQP2 ubiquitylation and degradation. Our data provide additional evidence that AQP2 function is highly dependent on phosphorylation-dependent protein interactions with its carboxyl-terminal domain.
Experimental Procedures
Antibodies and Chemicals-Affinity-purified rabbit phospho-specific antibodies against Ser(P)-269-AQP2 or against total AQP2 upstream of known phosphorylation sites have previously been characterized (21, 24) . Rabbit anti-V2R has been characterized previously (31) . Mouse anti-ubiquitin (P4D1) was from Cell Signaling. Total 14-3-3 antibodies (catalog numbers sc629 and sc1657) were from Santa Cruz. 14-3-3 isoformspecific antibodies ␤ (number 9636), ⑀ (number 9635), ␥ (number D15B7), (number D23B7), (number 9638), and (number 7413) were from Cell Signaling. Anti-HA tag (H3663), GST (number G1160), and ␣-tubulin (T6074) were from Sigma. The phosphatase inhibitors okadaic acid (OA) and calyculin A (CA) were from Calbiochem. Forskolin (Sigma) was used at a final concentration of 25 M.
Tissue Isolation from Mice-All animal protocols comply with the European Community guidelines for the use of experimental animals and were performed in accordance to licenses for the use of experimental animals issued by the Danish Ministry of Justice. Mice were euthanized by cervical dislocation, kidneys were removed and dissected into cortex and inner medulla regions. Tissue was either processed for RNA extraction (see below) or homogenized in ice-cold isolation solution (250 mM sucrose, 10 mM triethanolamine, pH 7.6, containing the protease inhibitors leupeptin (1 mg/ml) and Pefa-block (0.1 mg/ml) (Roche Applied Science) and phosphatase inhibitor mixture tablets (PhosSTOP, Roche Diagnostics A/S)) for generation of SDS-PAGE gel samples.
Immunohistochemical Labeling of Mouse Kidney and Confocal Imaging-Kidneys were perfused with 4% paraformaldehyde in PBS via the heart and post-fixed for 60 min in the same buffer. Tissue was immersed in 20% sucrose in PBS at 4°C overnight and rapidly frozen using liquid nitrogen. 10-m sections were cut, placed on Superfrost Plus slides, and heated to 60°C for 10 min. After 30 min incubation in 50 mM NH 4 Cl in PBS to quench aldehydes, sections were dehydrated and rehydrated through a series of alcohol (70, 96, 99, 96, and 70%). The fluorescent labeling procedure was performed as previously described (24) . Coverslips were mounted with a hydrophilic mounting medium containing anti-fading reagent (DAKO, glycergel). A Leica TCS SL confocal microscope with an HCX PL APO ϫ63 oil objective lens (numerical aperture: 1.40) was used for obtaining images. mpkCCD 14 Cell Culture and Experimental ConditionsmpkCCD 14 cells were cultured as described (32) 24 -96 h to induce AQP2 expression. For experiments requiring acute dDAVP stimulation, cells were washed twice in pure media and reincubated in pure media for 3 h before re-stimulated with dDAVP (10 Ϫ9 M) from the basolateral side for 20 min at 37°C. In dDAVP washout experiments, cells were subsequently washed twice in pure media and reincubated for 30 min at 37°C before sample preparation. In phosphatase inhibitor experiments, where indicated OA (200 nM) and CA (100 nM) were included during the washout period. For cycloheximide chase studies, cells were grown in dDAVP for 4 days on semi-permeable supports, following which cells were incubated for various time points at 37°C and 5% CO 2 in 50 M cycloheximide (in dimethyl sulfoxide). Cells were washed twice in PBS and proteins were extracted in Laemmli sample buffer containing 10 mg/ml of DTT. For calculation of the protein half-life, average band densities for each time point were normalized to control and fitted using nonlinear regression and a one-phase exponential decay equation using GraphPad Prism software. Data were obtained from four independent experiments, with 3-6 observations for each individual time point.
Transduction of 14-3-3 Lentivirus-MISSION lentiviral transduction particles against 14-3-3 (numbers 76393, 76394, 312369, 312371, and 349888) and -(numbers 71053, 71054, 71056, 71057, and 316456) and corresponding control particles (SHC002) were from Sigma. mpkCCD 14 cells were cultured as described (32) in 6-well plates until 95% confluent. Cells were treated with hexadimethrine bromide (8 g/ml final concentration) for 15 min in pure media, before addition of lentiviral particles (multiplicity of infection ϭ 4). Transduction was allowed to proceed for 24 h, after which media was switched to mpkCCD 14 media containing 2 g/ml of puromycin for selection. Multiple clonal cell lines were isolated and individually characterized by examination of cell morphology, high TER when grown on semi-permeable supports, and 14-3-3 expression levels by Western blotting and qRT-PCR.
Surface Biotinylation of mpkCCD 14 Cells-Apical plasma membrane proteins were labeled with EZ-link hydrazide-biocytin (Pierce), which reacts with oxidized glycans of glycosylated proteins, using a modified published protocol (33, 34) . Following various experimental manipulations, cells were washed in ice-cold coupling buffer (sodium phosphate, 0.1 M; NaCl, 0.15 M, pH 7.2) and incubated with sodium metaperiodate (20 mM) in coupling buffer for 30 min on ice in the dark. After washes in coupling buffer, cells were incubated from the apical side using 2.5 mM hydrazide-biocytin for 30 min on ice. Subsequently, cells were incubated with quenching solution (NH 4 Cl, 50 mM, in PBS, pH 7.4) for 5 min and washed in coupling buffer. Cells were lysed in a buffer containing: 50 mM Tris, pH 7.5, 140 mM NaCl, 5 mM CaCl 2 , 5 mM MgCl 2 , 1% Nonidet P-40 supplemented with EDTA-free Halt Protease and Phosphatase Inhibitor Mixture (Invitrogen). Samples were purified as described previously (29), with labeled proteins eluted by incubation in Laemmli sample buffer containing 10 mg/ml of DTT for 10 min at 95°C.
Immunoprecipitation (IP) Using mpkCCD 14 Cells-Immunoprecipitation was performed as previously described (23) .
HEK Cell Culture, Transfection, and Immunoprecipitation-HEK293 cells (ATCC CRL-1573) were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium/GlutaMAX (Invitrogen) supplemented with 10% donor bovine serum, 100 IU/ml each of penicillin and streptomycin in 6-well plates until 95% confluent. Cells were transfected with AQP2 (21) and various HA-tagged 14-3-3 constructs (16) using Lipofectamine 2000 reagent (Invitrogen) following standard procedures. After 36 h, cells were washed in ice-cold PBS-CM, pH 8.0 (PBS containing 1 mM CaCl 2 and 0.1 mM MgCl 2 ), and incubated with forskolin (1 M final) for 15 min before addition of lysis buffer (50 mM Tris, pH 7.5, 140 mM NaCl, 5 mM CaCl 2 , 5 mM MgCl 2 , 1% Nonidet P-40) containing EDTA-free Halt Protease and Phosphatase Inhibitor Mixture (Invitrogen). Immunoprecipitations were performed for 2 h at room temperature on equal protein quantities of cleared lysates using Protein A/G Dynabeads (Invitrogen). Extensive washes were performed using lysis buffer and captured proteins were eluted using Laemmli sample buffer containing 10 mg/ml of DTT. All immunoprecipitation assays were repeated twice with different batches of transfected cells, but yielded similar results.
Specificity of 14-3-3 Isoform Selective Antibodies-HEK293 cells were transfected with various HA-tagged 14-3-3 constructs (16) using Lipofectamine 2000 reagent (Invitrogen) following standard procedures. After 36 h cells were washed twice in PBS and proteins were extracted in Laemmli sample buffer containing 10 mg/ml of DTT before blotting with various isoform-selective antibodies.
GST Pulldown Assay-mpkCCD 14 cells were treated with dDAVP for 30 min and lysates were prepared as described under "HEK Cell Immunoprecipitations," as described above. Lysates were pre-cleared by incubation with 100 l of glutathione-agarose (Thermo Scientific) for 120 min at 4°C. GST-14-3-3 fusion constructs (Sino Biological Inc.) were purified using Zeba spin columns (Thermo Scientific) to remove excess glutathione. 30 g of each construct was immobilized on glutathione-agarose (Thermo Scientific) following the manufacturer's guidelines. 14-3-3-Labeled beads or control beads were incubated in TBS containing EDTA-free Halt Protease and Phosphatase Inhibitor Mixture (Invitrogen) overnight at 4°C. After extensive washing in TBS, captured proteins were eluted by 2 ϫ 15 min incubation with 10 mM glutathione, followed by a single elution using Laemmli sample buffer. All GST pulldown assays were repeated twice with different lysates, but yielded similar results.
Surface Plasmon Resonance (SPR) Analyses-A potential direct interaction between 14-3-3 and various AQP2 peptides corresponding to the last 44 amino acids of mouse AQP2 in either unmodified, or phosphorylated at single sites corresponding to Ser-256, Ser-264, or Ser-269 (Genscript, USA) was studied by SPR analysis on a Biacore 3000 instrument, essentially as described (35) . Biacore type CM5 sensor chips were activated with a 1:1 mixture of 0.2 M N-ethyl-NЈ-(3-dimethylaminopropyl)carbodiimide and 0.05 M N-hydroxysuccimide in water according to instructions by the manufacturer. GST-14-3-3 (Sino Biological Inc.) was immobilized in 10 mM sodium acetate, pH 4.0, and the remaining binding sites were blocked with 1 M ethanolamine, pH 8.5. A control flow cell was made by performing the activation and blocking procedure only. Peptides were dissolved in 10 mM Hepes, 150 mM NaCl, 2.0 mM CaCl 2 , 1.0 mM EGTA, and 0.005% Tween 20, pH 7.4. Sample and running buffers were identical. Regeneration of the sensor chip after each analysis cycle was performed with 10 mM glycine, pH 4.0, containing 20 mM EDTA and 500 mM NaCl.
14-3-3 Far Western Blotting (Overlay Assay)-mpkCCD 14 cells were grown in dDAVP for 4 days, treated acutely with dDAVP where indicated (description above), and AQP2 was immunoprecipitated as previously described (23) . Some samples were solubilized with 1% SDS for 10 min with heating at 60°C, after which the SDS was diluted to 0.1% using lysis buffer before IP. IP samples, alongside various AQP2 peptides were separated by SDS-PAGE and transferred to PVDF membrane. Membranes were blocked in 5% skimmed milk in TBST for 1 h at room temperature, before incubation overnight at 4°C with 1 g/ml of GST 14-3-3 (Sino Biological Inc.) in 5% BSA in TBST. After washing in TBST, membranes were incubated at room temperature for 1 h with an HRP-linked GST antibody (number A00866, Genscript) before visualization using ECL detection.
RT-PCR and Real Time qRT-PCR-Total
RNA was isolated using the Ambion Ribopure kit (Invitrogen), treated with DNase I (Invitrogen), and reverse transcribed using Superscript II and random primers (Invitrogen); all steps were performed according to the manufacturer's instructions. A control reaction without the reverse transcriptase enzyme was performed to exclude genomic DNA amplification. Primer pairs utilized were: AQP2 (5Ј-TGGCTGTCAATGCTCTCCAC and 5Ј-GGAGCAGCCGGTGAAATAGA); 18S RNA (5Ј-GGATCCA-TTGGAGGGCAAGT and 5Ј-ACGAGCTTTTTAACTGCA-GCAA); 14-3-3␤ (5Ј-TGGATAAGAGTGAGCTGGTACA and 5Ј-CGTGTCCCTGCTCTGTTACG); 14-4-4⑀ (5Ј-AGTG-ACATTGCGATGACAGAAC and 5Ј-ACGGTCGGGGGAA-TTAAGAAT); 14-3-3␥ (5Ј-CCAAGAGGCGTTTGATATA-AGCA and AAAAGCCGTTTTAGCCAGTGT), 14-3-3 (5Ј-ACGAAGATCGAAATCTCCTCTCT and 5Ј-CCGGTAGG-CTTTAACTTTCTCCA); 14-3-3 (5Ј-TGTGTGCGACACT-GTGCTC and 5Ј-TCGGCTAGGTAGCGGTAGTAG), and 14-3-3 (5Ј-AAAAGTTCTTGATCCCCAATGC and 5Ј-TGT-GACTGGTCCACAATTCCTT) spanned an exon-exon junction or an intron. ␤-Actin was used as a positive control for cDNA integrity and cDNA from mouse cerebellum was used as a positive control for 14-3-3 isoform amplification. Specificity of the amplified products was determined using melting curveanalysis software, gel electrophoresis, and sequencing. Amplification was performed using the cDNA equivalent of 5 ng of RNA, 5 pmol of each primer and either HotStar Taq polymerase (Qiagen) or SYBR Green I Master Taq (Roche Applied Science). Cycling conditions were: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 62°C for 20 s, and 72°C for 30s. qRT-PCR reactions were run on a LightCycler 480 (Roche), with fluorescence measured at the end of each elongation step to calculate C t values. Relative quantitation of gene expression was determined using the comparative C t method, with validation experiments performed to determine that amplification efficiencies were equal between control and experimental groups. Signals for ribosomal 18S amplified in parallel were used to normalize for differences in the amount of starting cDNA.
Immunoblotting-Standard procedures were utilized for sample preparation and SDS-PAGE. Immunoblots were developed using ECL detection and signal intensity in specific bands were quantified using Image Studio Lite (Qiagen) densitometry analysis.
Statistics-All quantitative experiments on cultured cells were performed on at least 2 wells of cells in 3 different experiments. Data were tested for normal distribution using the D'Agostino-Pearson omnibus test and GraphPad Prism Software. Data fitting a normal distribution were analyzed using one-way analysis of variance followed by Tukey's Multiple Comparison Test. Multiple comparison tests were applied only when a significant difference (p Ͻ 0.05) was determined in the analysis of variance. Data not fitting a normal distribution were assessed using a nonparametric Kruskal-Wallis test. All data are presented as mean Ϯ S.E. 14 Cells and Mouse Kidney-Initial RT-PCR using mouse isoform-specific primers determined that all known 14-3-3 isoforms, with the exception of , were present at high levels in mpkCCD 14 cells and mouse kidney cortex and inner medulla (Fig. 1A) . To confirm the expression of 14-3-3 isoforms (except ) at the protein level, isoform-specific antibodies were utilized. HEK cells transfected with various HA-tagged 14-3-3 isoforms followed by Western blotting on cell lysates confirmed that the endogenous levels of all iso-FIGURE 1. Identification of 14-3-3 isoforms in mpkCCD 14 cells and mouse kidney. A, RT-PCR using mouse 14-3-3 isoform-specific primers on mouse cerebellum, mpkCCD 14 cells, mouse kidney cortex (CTX), and inner medulla (IM). Primers against actin were used as a positive control. All 14-3-3 isoforms with the exception of were detected. B, specificity of 14-3-3 isoform-selective antibodies. HEK cells were transfected with various HA-tagged 14-3-3 isoforms followed by Western blotting on cell lysates using 14-3-3 isoformselective antibodies. In HEK cells, the endogenous levels of all isoforms are relatively high. Using the various isoform selective antibodies, an additional higher molecular weight band representing the HA tag form of 14-3-3 was identified only using corresponding antibodies. C, immunoblotting of mouse cerebellum, mpkCCD 14 cells, mouse kidney cortex (CTX), and inner medulla (IM) protein homogenates using 14-3-3 isoform-specific antibodies confirmed the RT-PCR results.
Results

14-3-3 Isoforms in mpkCCD
forms in HEK cells are relatively high, and that the antibodies utilized were isoform specific (Fig. 1B) . In mouse kidney cortex, inner medulla, and mpkCCD 14 cell homogenates, endogenous expression of all 14-3-3 isoforms identified at the message level were confirmed (Fig. 1C) .
Similar isoform-specific antibodies were used to examine the subcellular distribution of various 14-3-3 proteins in mouse kidney inner medulla collecting duct (IMCD) cells. Technical issues prevented analysis of the antibodies using formaldehydefixed paraffin-embedded tissue (not shown). After optimization, some of the antibodies worked successfully using cryosections (Fig. 2) . Each of the isoforms detected successfully using immunohistochemistry had various and punctuate distributions in IMCD cells, suggesting distinct roles. Although 14-3-3␤, -⑀, and -were predominantly distributed throughout the cytoplasm, 14-3-3 was localized near the apical plasma membrane, with a distribution similar to AQP2.
Regulation of 14-3-3 Isoform Abundance by AVP-mpkCCD 14 cells were grow on semi-permeable supports and treated for 24, 48, or 72 h with dDAVP. qRT-PCR was performed using mouse 14-3-3 isoform-selective primers. dDAVP treatment significantly increased AQP2 mRNA levels relative to controls from 24 to 72 h (Table 1) . Concerning the isoforms, mRNA increased for the ␤ (24 -72 h) and (48 -72 h) isoforms, whereas mRNA for (24 -74 h) and (48 -72 h) isoforms were decreased. AQP2 and 14-3-3 protein levels were examined using the isoform-specific antibodies and a similar experimental set-up (Fig.  3) . AQP2 protein levels increased from 24 to 72 h. In alignment with the mRNA data, protein levels of 14-3-3␤ (24 -72 h) and -(48 -72 h) isoforms were significantly increased by dDAVP, whereas (24 -74 h) and (72 h) protein abundances were significantly decreased following dDAVP treatment. 14 Cells-To test the hypothesis that 14-3-3 and AQP2 interact, IP studies on mpkCCD 14 cell lysates were performed. After optimization of experimental conditions (alterations in divalent cation concentration and detergent type/concentration in lysis buffer, data not shown), a reproducible AQP2 and 14-3-3 interaction was identified (Fig. 4) . AQP2 could be detected in samples immunoprecipitated using either an AQP2-specific antibody (Fig. 4A) , or with an antibody targeting total 14-3-3 (does not differentiate between isoforms), but not with an AQP1-specific antibody (negative control). Similarly, 14-3-3 could be detected in 14-3-3 or AQP2 IP samples, but not AQP1 IP samples (Fig. 4B) .
AQP2 Co-immunoprecipitates with 14-3-3 in mpkCCD
AQP2 Interaction with 14-3-3 Is Regulated by AVP-To examine if the AQP2 and 14-3-3 interaction was regulated by AVP, mpkCCD 14 cells were cultured in dDAVP for 3 days (to increase AQP2 levels), followed by acute stimulation with dDAVP (see "Experimental Procedures"). Following 20 min dDAVP stimulation, the interaction between AQP2 and 14-3-3 was enhanced, with a greater quantity of 14-3-3 immunoisolated using an AQP2 antibody, or conversely, a greater quantity of AQP2 immunoisolated using a 14-3-3 antibody (Fig. 5A) . Quantification data from 3 individual immunoprecipitations is shown in Fig. 5, B and C. AVP Washout in the Presence of Phosphatase Inhibitors Preserves the AQP2 and 14-3-3 Interaction-We previously determined that several AQP2 protein/protein interactions are dependent on the phosphorylation status of AQP2 at Ser-256 and Ser-269 (29) and that the phosphorylation of AQP2 (particularly at Ser-269) can be enhanced and prolonged during AVP washout by inhibition of specific protein phosphatases using OA and CA (23) . To examine a potential role of phosphoryla- tion in mediating the interaction between AQP2 and 14-3-3, mpkCCD 14 cells were acutely stimulated with dDAVP followed by a washout period in the presence or absence of OA and CA. Similarly to what has been observed in MDCK cells (23) , AQP2 Ser(P)-269 levels in mpkCCD 14 total cell lysates were significantly higher after acute dDAVP treatment, but were subsequently reduced following dDAVP washout (Fig. 6, A and B) . However, AQP2 Ser(P)-269 levels remained significantly higher after dDAVP washout in the presence of CA and OA.
Immunoprecipitations on the same cell lysates demonstrated once again a 14-3-3/AQP2 interaction that was enhanced following dDAVP stimulation (compare Figs. 5 and 6A ). Although this interaction was reduced following dDAVP washout, the interaction remained significantly higher if the washout was performed in the presence of CA and OA (Fig. 6C ).
14-3-3 and -Interact with AQP2-Technical issues (same species antibodies) prevented us performing a co-IP using the isoform-selective antibodies. Therefore, to determine which isoforms of 14-3-3 may interact with AQP2, HEK293T cells (do not express AQP2) co-transfected with various HA-14-3-3 constructs and AQP2 were stimulated with forskolin (to mimic dDAVP-induced increases in cAMP) followed by immunopre- cipitation (Fig. 7) . Similar to mpkCCD 14 cells, in AQP2 expressing HEK293 cells, AQP2 was detected in immunoprecipitates using a pan 14-3-3 antibody (detects all 14-3-3 isoforms). However, only in HEK293T cells expressing HA-14-3-3 or -was it possible to co-IP AQP2 using an anti-HA antibody, suggesting that AQP2 interacts selectively with these 14-3-3 isoforms (Fig.  7, lower panel) . To confirm these potential selective interactions, we performed GST pulldown assays with 14-3-3⑀, -, and -as bait and dDAVP-treated mpkCCD 14 cell lysates as prey (Fig. 8) . Non-coated control beads or 14-3-3⑀-coated beads displayed no interactions with AQP2 (Fig. 8A) . In contrast, AQP2
was consistently identified in eluates from either 14-3-3-or --coated beads (Fig. 8, B and C) , suggesting that AQP2 selectively interacts with these isoforms directly. AQP2 was not identified in eluates from similar GST pulldown assays when the mpkCCD 14 cell lysate prey was preincubated with -protein phosphatase 1 for 60 min (not shown), indicating a role of phosphorylation in the AQP2/14-3-3 interaction.
Phosphorylation of AQP2 at Ser-256 Is Critical for 14-3-3
Interactions-AQP2 contains four highly conserved and AVPregulated phosphorylation sites at Ser-256, Ser-261, Ser-264, AQP2 interaction with 14-3-3 in mpkCCD 14 cells. A, a representative immunoblot from samples immunoprecipitated from mpkCCD 14 cell lysates using an AQP2-specific antibody. Both total 14-3-3 and AQP2 could be detected. B, a representative immunoblot from samples immunoprecipitated using a 14-3-3 specific antibody. Both total AQP2 and 14-3-3 could be detected. Neither 14-3-3 or AQP2 were detected in samples immunoprecipitated with AQP1 (negative control). FIGURE 5. AQP2 interaction with 14-3-3 is regulated by AVP. Immunoprecipitations were performed on lysates from mpkCCD 14 cells cultured in dDAVP for 3 days, followed by acute stimulation with dDAVP for 20 min. A, representative immunoblotting of control conditions (C) or following acute dDAVP stimulation (V). Each lane represents a separate immunoprecipitation using antibodies as highlighted. B and C, summary quantification data of immunoprecipitations demonstrates the enhanced interaction between AQP2 and 14-3-3 following dDAVP treatment. * indicates p Ͻ 0.05 relative to the control condition. FIGURE 6. AVP washout in the presence of phosphatase inhibitors preserves the AQP2 and 14-3-3 interaction. mpkCCD 14 cells were acutely stimulated with dDAVP followed by a washout period in the presence or absence of the inhibitors okadaic acid and calyculin A. Immunoprecipitation was performed using AQP2. A, representative immunoblotting demonstrated a 14-3-3 and AQP2 interaction that was enhanced following dDAVP stimulation (V) relative to control (C). This interaction was reduced following dDAVP washout (WO), but remained significantly higher in the presence of inhibitors (Inh). AQP2 Ser(P)-269 levels in cell lysates followed a similar trend. B and C, summary quantification data of Ser(P)-269 AQP2 levels and 14-3-3/AQP2 interaction under the different experimental conditions. * indicates p Ͻ 0.05 relative to the control condition or from the group as indicated.
and Ser-269 (Thr in human) at its carboxyl-terminal tail. Although early analysis of 14-3-3 interactions proposed three fundamental binding motifs (or criteria) within target phosphoproteins: 1) RSX(pS)XP (mode I); 2) RX(F/Y)X(pS)XP (mode II) and; 3) a phosphorylated residue as the penultimate residue in the carboxyl-terminal tail of the protein target (5, 36), subtle variations of these motifs make prediction of 14-3-3 binding sites difficult. Recently, based on the observations that the majority of human 14-3-3 interacting phosphoproteins are 2R-ohnologues (37), new methods have been developed to predict 14-3-3-binding phosphosites using a variety of algorithms (38) . Analysis of human AQP2 scored highly the region surrounding the Ser-256 site of AQP2 (EVRRRQpSVELH) as a 14-3-3 interacting motif using three complimentary methods (scores: artificial neural network ϭ 0.742 (cut-off ϭ 0.55); position-specific scoring matrix ϭ 1.155 (cut-off ϭ 0.80); support vector machine ϭ 0.616 (cut-off ϭ 0.25); consensus ϭ 0.838 (cut-off ϭ 0.50)). Similar high scores were obtained using mouse or rat AQP2 for analysis. These bioinformatics data coupled with the protein pulldown data support a model where AQP2 phosphorylation mediates the 14-3-3 interaction. To examine whether any of the known phosphorylation sites in AQP2 may be involved, HEK293T cells (do not express AQP2) wereco-transfectedwithwild-typeAQP2orvariousAQP2phos-phorylation deficient mutants (S256A, S261A, S264A, S269A) and HA-14-3-3 and -constructs. Cells were stimulated with forskolin followed by immunoprecipitation. In 14-3-3-transfected cells (Fig. 9A ) and in samples immunoprecipitated with an HA antibody, AQP2 could not be detected in cells transfected with AQP2 S256A, and less AQP2 was observed in cells transfected with S264A or S269A. Conversely, in AQP2 IP samples, 14-3-3 could not be detected in cells transfected with AQP2 S256A, and less 14-3-3 was detected in cells transfected with S264A or S269A. In 14-3-3-transfected cells (Fig. 9B ) and in samples immunoprecipitated with an HA antibody, AQP2 could not be detected in cells transfected with AQP2 S256A or S269A. Conversely, in AQP2 IP samples, 14-3-3 could not be detected in cells transfected with AQP2 S256A or S269A. These data suggest that Ser-256, Ser-264, and Ser-269 sites in AQP2 are important for the 14-3-3 interaction.
Direct Interaction of AQP2 Carboxyl-terminal Tail with 14-3-3-The potential for AQP2 to directly interact with 14-3-3 was studied using SPR. As demonstrated in Fig. 10A , a 44-amino acid peptide corresponding to the carboxyl-terminal FIGURE 7. 14-3-3 and -interact with AQP2 in HEK293T cells. HEK293T cells were co-transfected with various HA-14-3-3 constructs and AQP2, stimulated with forskolin and subject to immunoprecipitation with various antibodies. In immunoprecipitates using a total 14-3-3 antibody, AQP2 was detected. However, only in HEK293T cells expressing HA-14-3-3 or -immunoprecipitated using an anti-HA antibody was AQP2 identified, suggesting that AQP2 interacts selectively with these 14-3-3 isoforms.
14-3-3 Regulation of AQP2
44 amino acids of AQP2 and phosphorylated at Ser-256 reproducibly associated with immobilized 14-3-3, with an apparent K d of 0.5 M. All other peptides (lacking Ser-256 phosphorylation) showed no significant interaction. 14-3-3 overlay assays (Fig. 10B ) using 14-3-3 on immunoisolated AQP2 or the carboxyl-terminal peptides confirmed that a direct interaction, which was dependent on Ser-256 phosphorylation, was possible. In addition to the 14-3-3 signal at a molecular weight corresponding to AQP2, the presence of additional bands in AQP2 co-immunoprecipitation samples suggests that other proteins that associate with AQP2 may also interact with 14-3-3. Similar results were observed using 14-3-3 during the overlay (not shown).
Stable Knockdown of 14-3-3 and -in mpkCCD 14 Cells Alters AQP2 Protein Abundances and Half-lives-To examine the role of 14-3-3 and -in regulation of AQP2, knockdown of each isoform individually in mpkCCD 14 cells using various 14-3-3 isoform-specific shRNA constructs was undertaken. Initial transient transfections were successful in identifying the most potent shRNAs for 14-3-3 knockdown (data not shown), which were subsequently used to generate stable knockdown mpkCCD 14 cells. Several independent cell populations were characterized by qRT-PCR (Fig. 11A) and Western blotting using isoform-selective antibodies (Fig. 11B) . Line T1 and Z2 were utilized for subsequent studies. When grown on semipermeable supports for 10 days (dDAVP present for last 3 days), the T1 and Z2 cell lines showed no obvious morphological differences to control mpkCCD 14 cells and there were no significant differences in their transepithelial electrical resistances; control ϭ 8845 Ϯ 73 ⍀/cm 2 , T1 ϭ 8845 Ϯ 73 ⍀/cm 2 , Z1 ϭ 8620 Ϯ 173 ⍀/cm 2 . In total protein homogenates, AQP2 levels were significantly increased in T1 cells relative to control mpkCCD 14 cells, whereas in Z2 cells AQP2 levels were decreased by ϳ50% (Fig. 12A) . No significant differences in the abundance of the V2R, or in AQP2 mRNA levels (qRT-PCR) between control, T1, or Z2 cell lines were detected (Fig. 13) , suggesting that the effects of 14-3-3 or -knockdown were either on AQP2 translation efficiency or AQP2 degradation rate. To examine the latter, cycloheximide studies (inhibitor of protein translation) were performed in control, T1 and Z2 mpkCCD 14 cells (see "Experimental Procedures") and AQP2 protein levels were examined by immunoblotting (Fig. 12C) . The calculated AQP2 protein half-life (Fig. 12D ) in control mpkCCD 14 cells was 4.02 h (95% confidence interval 3.60 to 4.50), compared with 5.84 h (95% confidence interval 5.18 to 6.69) in T1 cells and 2.96 (95% confidence interval 2.66 to 3.34) h in Z2 cells, indicating that the altered AQP2 protein abundances in the various cell lines are partially due to significantly altered protein stability.
Stable Knockdown of 14-3-3 and -in mpkCCD 14 Cells Alters AQP2 Membrane Targeting, Phosphorylation, and Ubiquitylation-The abundance of AQP2 on the plasma membrane is regulated by a complex interplay between AQP2 phosphorylation and ubiquitylation. To examine a potential role of 14-3-3 and -in these mechanisms the plasma membrane abundance, ubiquitylation, and phosphorylation status of AQP2 in the various mpkCCD 14 cell lines was examined. To mimic a physiological setting, cells were examined under control, acute dDAVP stimulated, or acute dDAVP stimulated followed by dDAVP washout conditions. Representative immunoblotting data are shown in Fig. 14A . In control mpkCCD 14 cells, the abundance of AQP2 on the apical plasma membrane significantly increased following 20 min of dDAVP treatment, followed by a reduction 30 min after dDAVP washout (Fig.  14B) . A similar pattern of AQP2 distribution was observed in T1 cells, however, the plasma membrane levels of AQP2 follow-FIGURE 8. GST pulldown assays using 14-3-3 and -and -⑀. GST pulldown assays were performed with dDAVP-treated mpkCCD 14 cell lysates as prey and GST-14-3-3⑀, GST-14-3-3, or GST-14-3-3 as bait. Immunoblotting was performed using antibodies detecting total AQP2 or GST. Non-coated control beads or 14-3-3⑀ (A) coated beads displayed no interactions with AQP2, whereas AQP2 was consistently identified in eluates from either 14-3-3 (B) or -(C) coated beads. S-1 and S-2 represent different experimental samples. FT represents flow-through after binding of bait to beads or after incubation of beads with lysate prey. Elutions 1 and 2 are successive elutions with 10 mM glutathione, whereas elution 3 is a single elution using Laemmli sample buffer. JANUARY 29, 2016 • VOLUME 291 • NUMBER 5 ing dDAVP stimulation were significantly higher than in control mpkCCD 14 cells (Fig. 14, B and C) . Although AQP2 redistribution in Z2 cells followed a similar trend as in control and T1 mpkCCD 14 cells (Fig. 14, B and C) , the AQP2 plasma membrane abundances were not significantly different under any of the examined conditions. Under identical conditions, ubiquitylated AQP2 levels in all 3 cell lines were significantly enhanced during dDAVP and dDAVP washout conditions (Fig. 14D) . Furthermore, ubiquitylated AQP2 levels were ϳ2-fold higher in Z2 cells compared with control and T1 mpkCCD 14 cells (Fig.  14E) , providing an explanation for the decreased AQP2 protein half-life in these cells (Fig. 12) . Similarly to previous observations (Fig. 6) , in all 3 cell lines Ser(P)-269 AQP2 levels in total cell lysates were significantly increased after acute dDAVP treatment, but were reduced following dDAVP washout (Fig.  14F) . The levels of Ser(P)-269 levels following dDAVP treatment were significantly higher in T1 cells relative to dDAVPtreated mpkCCD 14 cells (Fig. 14G) , matching the greater AQP2 plasma membrane abundance under similar conditions. Although Ser(P)-269 AQP2 levels were consistently reduced in the Z2 cells, these did not reach significance (Fig. 14G) .
Discussion
The water channel AQP2 is the AVP-regulated water channel of the kidney principal cells. AQP2 function is highly dependentonitsphosphorylationstatus,whichmediatesvariousphosphorylation-dependent AQP2 protein/protein interactions (29) . In this study we examined the hypothesis that 14-3-3 proteins, which often interact with phosphorylated proteins, can modulate the function of AQP2. All 14-3-3 isoforms, except , were detected in mouse kidney and mpkCCD 14 cells. The absence of corresponds with recent large scale RNA sequencing studies of isolated kidney segments from rat (12) or cDNA arrays of isolated rat IMCD (39) . Although redundancy among 14-3-3 isoforms has been debated (40), 14-3-3⑀, -␤, -, and -had distinct distributions in mouse IMCD cells, suggesting that different isoforms fulfill different roles in these cells. In particular, the 14-3-3 isoform, whose distribution was similar to AQP2, is ideally placed to play a role in AQP2 regulation. Although limited to the resolution of confocal microscopy, the punctate distribution of at the apical plasma membrane is similar to that observed for AQP2 under 
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certain conditions (24) , where a proportion of AQP2 is located in "endocytosis-resistant" membrane domains after AVP treatment (41) .
Selective alterations in 14-3-3 isoform expression by AVP further indicated a link between AQP2 function and 14-3-3 proteins. AQP2 is an AVP-induced protein in vivo, with AVP increasing AQP2 abundance via stimulating AQP2 gene transcription (42) . In mpkCCD 14 cells, similarly to AQP2, 14-3-3␤ and -were increased in expression following long-term dDAVP stimulation, whereas and expression levels were decreased. An increase in expression in IMCD cells following long-term dDAVP treatment of rats has been observed previously (43) . The finding that dDAVP increased 14-3-3␤ levels fits well with the known role of AVP to increase collecting duct NaCl transport (reviewed in Ref. 44) . In principle, increased 14-3-3␤ would enhance the known 14-3-3␤ interaction with Nedd4-2, thereby inhibiting Nedd4-2-mediated ENaC ubiquitylation and ultimately increasing sodium transport (15, 18, 45) .
The data collected from immunoprecipitation studies using mpkCCD 14 and HEK cells, combined with the results from GST pulldown assays strongly infers that AQP2 interacts with 14-3-3 and -. Furthermore, these selective 14-3-3 interactions being phosphorylation-dependent are supported by 1) an increased interaction of AQP2 with 14-3-3 following dDAVP treatment in a time scale where AQP2 phosphorylation is known to occur; 2) phosphatase inhibitors potentiating the dDAVP-induced AQP2/14-3-3 interactions; 3) a loss of AQP2 in GST pulldowns following -phosphatase treatment of prey lysates; 4) reduced AQP2/14-3-3 interactions in various AQP2 phosphorylation-deficient mutants; and 5) direct interaction of only Ser(P)-256 peptides with immobilized 14-3-3. Overlay assays and SPR analysis provided evidence that a direct 14-3-3/ AQP2 interaction was possible, which was critically dependent on Ser-256 phosphorylation. However, as 14-3-3 is known to associate with other proteins that can interact with AQP2, e.g. AKAP, Nedd4-2, Hsp70, BiP, ␤-actin, tropomyosin, PKA, and PP1 (46 -48), we cannot rule out that other proteins are involved in, or possibly stabilize the interaction, as part of a multiprotein complex. Interestingly, the interaction of AQP2 with 14-3-3 and -differs to other 14-3-3 membrane protein interactions observed in the kidney, e.g. the sodium hydrogen exchanger NHE1 association with 14-3-3␤ (49) and the UT-A urea transporter association with 14-3-3␥ (13), providing additional evidence that 14-3-3 isoforms are not redundant but rather play selective roles in modulating protein function.
Lentiviral mediated delivery of 14-3-3 or -shRNA constructs to mpkCCD 14 cells uncovered selective, but complex, roles of these isoforms in modulating AQP2 function. Knock- down of 14-3-3 resulted in increased AQP2 ubiquitylation, decreased AQP2 half-life, and ultimately drastically reduced AQP2 levels. These data suggest that 14-3-3 "protects" AQP2 from being ubiquitylated and directed into the degradation pathway. The distinct localization of 14-3-3 suggests that this "protection" occurs in the apical plasma membrane domain, where otherwise ubiquitylation of AQP2 followed by endocytic retrieval and subsequent degradation is initiated (30) . What potential mechanisms could be behind such a response? Previous studies from our group and others have shown that AVPinduced phosphorylation of AQP2 at Ser-256 and Ser-269 mediates AQP2 membrane accumulation by decreasing the rate of AQP2 internalization, a process that ultimately results in increased AQP2 protein half-life (23, 29) . Therefore, it is interesting to speculate one model (Fig. 15) where: 1) upon AVP stimulation AQP2 undergoes phosphorylation at Ser-256 that facilitates its trafficking to the plasma membrane; 2) at the membrane AQP2 undergoes Ser-269 phosphorylation; 3) the individual or combined effect of the two AQP2 phosphorylation events mediates an interaction with 14-3-3; and 4) the AQP2⅐14-3-3 complex prevents or limits binding of an unknown E3 ligase or an adapter protein to AQP2 thus reducing AQP2 ubiquitylation, internalization, and subsequent degradation. In line with this mechanism, mutation of AQP2 at Ser-256 or Ser-269 to alanine resulted in the complete absence, or dramatically reduced interaction of AQP2 with 14-3-3, respectively. Furthermore, AQP2 membrane abundance and Ser-269 phosphorylation were reduced in the 14-3-3 knockdown cells, suggesting a higher rate of internalization. Finally, FIGURE 13. Analysis of V2R protein and AQP2 mRNA levels in T1 and Z2 cell lines. A, protein abundance of the V2R was assessed by immunoblotting of total protein homogenates from the 14-3-3 (T1) and 14-3-3 (Z2) knockdown cell lines. B, no significant differences were detected in the abundance of the V2R. C, no significant differences were detected in AQP2 mRNA levels between control, T1 or Z2 cell lines.
the dDAVP-induced increases in 14-3-3 abundance observed in mpkCCD 14 cells support a role for 14-3-3 in reducing the degree of AQP2 degradation during long-term AVP stimulation, thus aiding in the conservation of body water.
A simple model for the role of 14-3-3 in AQP2 regulation is less obvious. Conversely to the effects of 14-3-3, knockdown of 14-3-3 resulted in significantly greater AQP2 abundance; a result of increased AQP2 protein half-life. Surprisingly, although AQP2 ubiquitylation levels in the 14-3-3 knockdown mpkCCD 14 cells were marginally decreased relative to control, these effects were not significant; suggesting the possibility of non-ubiquitin-dependent AQP2 degradation. Further studies are required to examine this possibility. Despite no significant reductions in AQP2 ubiquitylation levels, AQP2 levels on the plasma membrane were significantly enhanced after dDAVP treatment, accompanied by higher levels of pS269 AQP2. This data points toward 14-3-3 recruiting/stabilizing a protein phosphatase complex that specifically targets the Ser(P)-269 site of AQP2. Attractive possibilities are protein phosphatases 1 and 2A, which can dephosphorylate Ser(P)-269 AQP2 (23) , and can also interact with 14-3-3 proteins (47, 48) . The possibility of 14-3-3 interacting with Ser(P)-269 is supported by the reduced interaction of AQP2 S269A with 14-3-3 in HEK293 cells. Furthermore, our previous studies have indicated a unique role for Ser(P)-269 AQP2 in reducing AQP2 endocytosis despite no alterations in AQP2 ubiquitylation levels (23). This "negative" modulatory role of 14-3-3 for AQP2 is supported by the decreased levels observed in mpkCCD 14 cells following long-term dDAVP treatment.
What is the physiological role of the 14-3-3/AQP2 interaction? Vasopressin stimulation of various animal models induces phosphorylation of AQP2 at Ser-256, Ser-264, and Ser-269, with Ser-256 phosphorylation acting as a "master switch" that is needed for the subsequent downstream phosphorylation of AQP2 (21) . Although the exact role of each of these phosphorylation sites in isolation is still not completely clear, the Ser-256 site is critical for vasopressin-stimulated accumulation of AQP2 on the plasma membrane and for the AQP2/14-3-3 interactions. This suggests that the interactions occur downstream of vasopressin signaling and, based on the localization of the different isoforms, potentially even in alternative subcellular compartments. Whether a different pool of AQP2 binds at any one time to 14-3-3/, resulting in both positive/negative effects on AQP2 membrane abundance and function is not known. However, it is likely that the dual 14-3-3 interactions act in concert to fine-tune the amount of AQP2 on the plasma membrane and help modulate the degree of water reabsorption by the principal cell.
In conclusion, we have determined that an AVP-regulated and phosphorylation-dependent interaction occurs between AQP2 and 14-3-3 and -. These interactions play a divergent role in modulating AQP2 trafficking, phosphorylation, ubiquitylation, and degradation. Our studies confirm that AQP2 function is highly dependent on phosphorylation-dependent protein interactions with its carboxyl-terminal domain and furthermore, provide additional evidence that various isoforms of 14-3-3 play divergent roles in the cell. 14 cell lines under control (C), acute dDAVP stimulated (V), or acute dDAVP stimulated followed by dDAVP washout (V ϩ WO) conditions were assessed for AQP2 membrane abundance via biotinylation, alongside analysis of AQP2 phosphorylation levels and ubiquitylation status. A, representative immunoblotting data of AQP2, pS269-AQP2, ubiquitin, total 14-3-3, 14-3-3, and 14-3-3 levels in the various fractions. B and C, summary quantification data for biotinylated AQP2. D and E, summary quantification data for ubiquitylated AQP2. F and G, summary quantification data for pS269-AQP2. Each paired graph represents data normalized and analyzed in two different ways to facilitate comparisons between the experimental conditions within an individual cell line, or between individual cells lines for each experimental condition. * indicates p Ͻ 0.05 relative to the control condition/cell line, or from the group as indicated. Proposed models for 14-3-3 regulation of AQP2 . A, upon AVP stimulation AQP2 undergoes phosphorylation at Ser-256 that facilitates its trafficking to the plasma membrane. At the membrane AQP2 undergoes Ser-269 phosphorylation. The individual or combined effect of the two AQP2 phosphorylation events mediates an interaction with 14-3-3. The AQP2⅐14-3-3 complex prevents or limits binding of an unknown E3 ligase or an adapter protein to AQP2 thus reducing AQP2 ubiquitylation, internalization, and subsequent degradation. B, upon AVP stimulation AQP2 undergoes phosphorylation at Ser-256 (and possibly Ser-264) that facilitates its trafficking to the plasma membrane. At the membrane, AQP2 undergoes Ser-269 phosphorylation. The individual or combined effect of the three AQP2 phosphorylation events mediates an interaction with 14-3-3, which recruits a protein phosphatase to AQP2 resulting in dephosphorylation and internalization.
